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W. Craig Carter
Abstract| Methods for and computed results of includ-
ing the physics and spatial attributes of microstructures are
presented for a number of materials applications in devices.
The research in our group includes applications of compu-
tation of macroscopic response of material microstructures,
the development of methods for calculating microstructural
evolution, and the morphological stability of structures. In
this review, research highlights are presented for particular
methods for computing the response in: 1) ferroelectric ma-
terials for actuator devices; 2) coarse-graining of atomistic
data for simulations of microstructural evolution during pro-
cessing; 3) periodic and non-periodic photonic composites;
and 4) re-chargeable battery microstructures.
I. Introduction
M
ICROSTRUCTURES inuence many material prop-
erties and therefore have signicant practical appli-
cations in the application of materials in devices and struc-
tures. In the general case, a material microstructure is a
complex ensemble of crystalline materials in a large num-
ber of orientations, second phases, interfaces, and defects.
The complexity of microstructures and their description
is the origin of the diÆculty of including their eect into
the design of materials. Furthermore, practical problems
of microstructural design for enhanced material properties
is protracted by the lack of suÆcient quantitative under-
standing of the role of microstructure in material proper-
ties. Our group consists of one professor, two postdocs, six
MIT and one SMA graduate student.
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We do research on
prediction, both computational and theoretical, of the ef-
fect of material microstructures on macroscopic properties
and on the evolution of microstructure. Our research pro-
gram at MIT focuses on the quantication of microstruc-
ture, prediction of material properties from microstructural
data, and the eect of materials processing on the evolu-
tion of microstructures in materials. We develop computa-
tional methods of computing that include microstructure
and these methods are demonstrated to SMA students and
used in their research.
This report focusses on those aspects of our research pro-
gram that is directly related to our SMA activities. Signif-
icantly more detailed aspects of particular research topics
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II. Microstructural Effects in Piezoelectric
Materials
In a piezoelectric material, polarization develops as a
response to a stress eld. This polarization eld is in a
direction that is related to the crystallographic axes of the
underlying piezoelectric material and the orientation of the
applied stress. Similarly, an applied electric eld will cause
a piezoelectric material to develop a stress-free strain that
depends on crystallographic orientation as well.
Many devices, such as actuators and sensors, are com-
posed of polycrystalline piezoelectric materials and there-
fore the induced electric elds and stresses of individ-
ual grains are interrelated through the polycrystalline mi-
crostructure.
It is possible|through processing|to create materials
in which many of the grains in a polycrystalline material
tend to share a common crystallographic axis. The distri-
bution of orientations is called the polycrystalline texture
of a microstructure; a highly textured material will have
a high probability of grain alignment about a texture di-
rection and an untextured material will have no correlated
alignment.
One practical question about texture in piezoelectric ma-
terials might be, \Is there a particular microstructure or
texture that results in an optimal piezoelectric response?"
The answer to this practical question is complicated by the
fact that the elasticity is locally coupled to the polarization
eld in a manner that depends on the local crystallographic
orientation; therefore the answer must account for eect of
microstructure. Figure 1 is an illustration of this.
We have extended a public domain nite element code
(OOF: http://www.ctcms.nist.gov/oof/) that was devel-
oped to treat the thermoelastic behaviors of microstruc-
tures to treat the case of the coupled polarization and ther-
moelastic behavior. The extension simultaneously solves
the electrostatic Maxwell's equation and the elastic equi-
librium equations using orientation-dependent piezoelectric
and compliance tensors from arbitrary microstructural im-
ages with speciable boundary conditions. The code uses
a nite element formulation and has been adapted to solve
nonlinear piezoelectric response.
To characterize the eect of the microstructural texture,
we have applied the code to a series of computer gener-
ated microstructures based on a Voronoi tessellation on
a spatially uniform random point set. The tessellation
represents an equiaxed single-phase system. Each grain
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Figure 1 Illustration of the eect of microstructure on a
polycrystalline piezoelectric material. A polycrystalline material,
such as the micrograph of tetragonal symmetry BaTiO
3
in the upper
left, will have a probability of having its unique c-axis oriented by
an angle  with respect to a texture-direction. Such probabilities
are typically characterized by the March-Dollase distribution (upper
right). A representative microstructure (center) with an applied
voltage will develop microstructural stresses and a macroscopic
strain. The bottom gure is the result of a simulation using the
March-Dollase function as the probability generator a Monte Carlo
instance of the representative microstructure. Both the macroscopic
strain can be calculated as a statistical measure of the characteristic
piezoelectric response of the microstructure and the residual stresses
can be used to evaluate the mechanical reliability of the material.
is randomly assigned a crystallographic orientation from
a parameterized texture orientation distribution as illus-
trated in Figure 1 and then assigned elastic and piezo-
electric properties associated with that orientation. Each
simulated microstructure is placed in an electric eld with
stress-free boundary conditions and the macroscopic piezo-
electric coeÆcients can be determined directly from the
average strain. An example of the results of a large set of
simulations for a PZN-PT piezoelectric material appears in
Figure 2.
Two papers that describe the theoretical and numerical
aspects and numerical simulations of microstructures are
in preparation [1], [2].
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Figure 2 Results of a large number of simulations of the
polycrystalline piezoelectric response against a texture parameter.
The ordinate is the d
15
macroscopic piezoelectric coeÆcient normal-
ized by the value for single crystal PZN-PT. The abscissa, r, is a
measure of the crystallographic texture|if r = 0 the c-axes have
random directions and if r = 1 c-axes are perfectly aligned with the
direction of the applied eld. Because piezoelectric crystals do not
have an inversion center, another texture parameter b is included
that represents the probability that the positive c-axis is aligned in
the direction of the applied eld.
The data show that the d
15
piezoelectric component is enhanced in
untextured materials. This is a result of the contribution of the larger
d
33
and d
31
modes from misaligned grains. A numerical representa-
tion of the induced microscopic shear stress in the as-poled condition
is included in the gure for two dierent instances of texture.
Such calculations can be used to predict average values of macro-
scopic response as well as their variation.
III. Coarse-Graining of Atomic Data for
Continuum Simulations
Even with current fast computational processors, it is not
possible to perform atomistic calculations on an amount of
material that is typically occupied by materials in com-
mercial use|or over time-scales that approach the order
of typical materials processing conditions. For many appli-
cations or solutions to commercial materials design prob-
lems, it is necessary to resort to continuum approximation
for materials computation.
Nevertheless, discrete atomistic calculations do provide
useful results on very small scales. Therefore it is poten-
tially useful to consider methods that extract data from
discrete computations and coarse-grain that data so that
it can be incorporated into a continuum calculation at a
larger scale.
One example of a potentially useful continuum model is
the recently developed method of incorporating crystallo-
graphic and structural information in the phase eld [3]. In
this method, time-dependent continuous eld parameters
are calculated from a variational principle from a contin-
uum representation of energies. Atomistic computations
result in discrete data sets representing equilibrium struc-
tures and energies.
We have developed a coarse-graining method for map-
ping discrete data to a continuous structural order param-
eter. This method is intended to provide a useful and con-
sistent method of utilizing structural data from molecu-
lar simulations in continuum models, such as the phase
eld model. The method is based on a local averaging of
the variation of a Voronoi tessellation of the atomic posi-
tions from the Voronoi tessellation of a perfect crystal (the
Wigner-Seitz cell). The coarse graining method is invari-
ant to coordinate frame rotation. The method is illustrated
with a simple two-dimensional example in Figure 3.
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Figure 3 Illustration of coarse-graining of structural infor-
mation in two-dimensions. Data from a molecular dynamics
simulation in the form of (x; y)-coordinates is used as the basis
for a Voronoi tessellation. Each tessellation contains information
about the localized departures from perfect crystallinity. A local
averaging on geometric aspects of the tessellations results in a
characteristic signature of the grain boundary in the molecular
dynamics simulation.
The method is directly applicable to an averaging of
three-dimensional data (Figure 4). Calculated results in-
dicate that a continuous structural parameter is obtained
that has grain boundary characteristics similar to phase
eld models of grain boundaries. Comparisons to other
coarse-graining measures of structure are discussed as well
as applications to experimental data sets. A paper on this
work has been submitted [4].
IV. Structure Dependence of Optical Band
Gaps in Photonic Crystals
The use of structured micro-composites of materials with
dielectric contrast is emerging as a viable method of pro-
ducing optical materials with tunable optical materials. In
particular, photonic crystal laminates with large dielectric
contrast have been shown to have optical states that admit
no propagation|i.e., photonic band gaps [5]. Such materi-
als are omnidirectional reectors for radiation with energy
within the photonic band gaps.
The design of new photonic crystals with specic prop-
erties will depend on tools that can correlate the photonic
band structure with the microcomposite architecture, an
understanding of how structural defects will aect the pho-
tonic band structure, and on processing techniques to cre-
ate architectures that have been determined to have ad-
vantageous properties.
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Figure 4 Example of structural coarse-graining method ap-
plied to a molecular dynamics simulation of a 5 grain boundary in
silicon. The coarse-grained measure is comparable to the structural
predictions from the phase eld model.
We have been investigating numerical methods of solv-
ing Maxwell's equations that can be eÆciently applied to
photonic composites for predictive correlation between mi-
crostructure and photonic properties.
Fourier or Bloch wave methods are very eÆcient for cal-
culating band structure in innitely and perfectly periodic
structures. In simple nite one-dimensional structures, it
is possible to formulate the optical propagation with trans-
fer matrix methods where each matrix is correlated with
the optical properties of each material. The matrices are
coupled though their proximate spatial domains. We have
extended this transfer matrix method to materials with
anisotropic dielectric properties and have investigated the
numerical convergence of the transfer matrix method to
the Fourier solution with the number of layers in a pho-
tonic laminate.
Results that illustrate the eect of anisotropy are illus-
trated in Figures 5 and 6.
For the cases that have been investigated, the trans-
fer matrix method converges to within 1% of the Fourier
method after about ten layers. This indicates that nite
stacks approximate innite materials.
A publication is being prepared on the results presented
above by the Fourier and transfer matrix method [6].
Photonic structures that are not perfectly periodic or -
nite cannot be modelled easily with the Fourier method
and systems that have two- or three-dimensional architec-
tures cannot be analyzed with the transfer matrix method.
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Figure 5 Illustration of the transfer matrix method applied
to a photonic stack for the isotropic case. Each plot shows for
each polarization (electric eld transverse to propagation direction,
TE; magnetic eld transverse, TM) the calculated reectivity as
a function of the incident plane wave angle. Each of the cubes to
the left of illustrated photonic stack is oriented to be parallel to
the propagation direction; the cross-hatched region indicates the
wavelengths at which full reectivity exists for that propagation
direction. For omnidirectional reectivity, a band gap (reectivity
equal to unity) must exist for all propagation directions. The
calculation is obtained for thirty layers with dielectric constants

1
= 21:16
o
(
o
is the permittivity of vacuum), 
2
= 2:56
o
with
thicknesses h
1
= 0:1m and h
2
= 1:6m.
In these cases, Maxwell's equations can be solved on a -
nite element mesh with properties that are isomorphic to
photonic media.
We have developed a nite element method that can be
applied to arbitrary photonic composites and have calcu-
lated the photonic band gaps in triply periodic bicontinu-
ous composite with interfaces of uniform curvature such as
those found in block copolymers [7].
Additionally, it will be important to understand the ef-
fect of defects on photonic properties. Figure 7 illustrates
a nite element result applied to a nite photonic crystal
composed of a square lattice of cylindrical rods that pos-
sess dielectric larger dielectric constant than the medium
in which it is embedded.
We are currently working on methods of using image-
based meshing techniques to facilitate rapid assessment of
photonic architectures.
V. Microstructural Effects in Battery Design
The macroscopic response of a battery and thus its value
depends of the transport of charged species within the
microstructures of the battery components. Tradition-
ally, battery design involves a compromise between power
and energy capacity|the need for rapid transport of ionic
species for power requirements is detrimental to eective
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Figure 6 Illustration of the transfer matrix method applied
to a photonic stack for the case of anisotropic materials. The
calculation is obtained for thirty layers with dielectric constants

11
1
= 21:16
o
, 
22
1
= 9:00
o
, 
33
1
= 21:16
o
, and 
11
2
= 2:56
o
,

22
2
= 2:56
o
, 
33
2
= 2:56
o
, and with thicknesses h
1
= 0:1m and
h
2
= 1:6m. In this case, anisotropy reduces the range of reective
wavelengths which is consistent with the reduced contrast in the
22-direction compared to the results in Fig. 5.
storage of those ions for energy capacity.
The current paradigm for understanding the coupled ef-
fects of material transport and the time-dependent devel-
opment of a voltage potential in a battery is derived from a
mean-eld representation of a microstructure. Questions as
to whether an optimized microstructure for the particular
demands of device exists, and whether such a microstruc-
ture can be designed will depend on a detailed understand-
ing of microstructural eects in batteries.
Mean eld calculations cannot capture potentially im-
portant eects of localized electric shielding or stress de-
velopment during use and re-charging cycles in a battery.
We have developed a method that uses microscopic infor-
mation and fundamental material properties to calculate
the macroscopic response of electro-active devices such as
re-chargeable lithium ion batteries. An illustration of the
microstructural modelling for a lithium ion battery appears
in Figure 8.
In the case of re-chargeable lithium ion batteries, the
local electronic elds are coupled to transport properties
in the microstructures of the electrolyte, the cathode, and
the anode. Microstructural eects on the charging and
discharging behavior of batteries are determined from a
similar microstructural construction. Initial results on the
eects of particle volume fraction, particle size distribu-
tion and galvanostatic discharge rate on the macroscopic
power and energy density of the system are summarized in
Figure 9.
The microstructural simulations in Figure 9 show that
Figure 7 Illustration of the amplitude of an in incident
plane wave on a nite photonic crystal containing an extended
defect. This method will be used to study the waveguide properties
of engineered photonic defects.
particles that are upstream (towards the anode side) of the
battery have a shielding eect on particles that are fur-
ther from the lithium source. This shielding eect limits
the power capacity of the battery for a xed energy den-
sity. For microstructures that have the same fraction of
particulate cathodic phase, the power capacity should be
enhanced as the shielding eect is reduced. The simulation
for the regular array of particles illustrates how reduced
shielding may enable the production of batteries that ex-
ceed the properties predicted by empirical correlations of
standard batteries.
It may be possible to use these microstructural simula-
tions to develop additional microstructural design elements
such as graded particle sizes or hierarchical structures.
A paper reporting the results of these microstructural
electrochemical transport simulations is in preparation [8].
VI. Summary
Microstructural computations are complicated not only
because many physical phenomena are coupled, but also
because the coupling depends on the complex spatial corre-
lations between crystallography, materials properties, and
defects that comprise a microstructure.
Because microstructural design is a potentially powerful
means to optimize materials for use in devices, the potential
impact of microstructural modelling justies the computa-
tional diÆculties that may be encountered.
The simulations described in this report illustrate the
benets of research on microstructural modelling.
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Figure 8 Illustration of microstructural modeling of the
electro-active components of a lithium ion battery. The battery
is composed of a lithium foil that acts as a source of lithium ions
at high chemical potential. The separator is eectively an osmotic
membrane for lithium ions that has poor conductivity of electrons.
The cathode microstructure consists of a microstructure of particles
that act as sinks for the lithium ions. The gure on the left is an
example representation of the cathode particulate microstructure
used in a calculation of the coupled chemical and electrical transport
equations in the representative microstructure.
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Figure 9 Illustration of the eect of microstructure on
battery performance. With averaged microstructure, battery
performance is typically represented by the so-called Ragone plot
that empirically correlates the mitigating eect of power density
on energy storage density for batteries. The inset microstructures
are the results of simulations of the electrochemical response where
yellow indicates a large concentration of lithium ions during battery
usage.
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